The nucleophilic substitution reactions of bis(Y-aryl) chlorothiophosphates (1) with X-pyridines are investigated kinetically in acetonitrile at 35.0 o C. The free energy relationships with both X and Y are biphasic concave upwards with a break point at X = 3-Ph and Y = H, respectively. The sign of cross-interaction constants (CICs; ρ XY ) is positive with all X and Y. Proposed mechanism is a stepwise process with a rate-limiting leaving group departure from the intermediate with all X and Y. The kinetic results of 1 are compared with those of Yaryl phenyl chlorothiophosphates (2). In the case of Y = electron-withdrawing groups, the cross-interaction between Y and Y, due to additional substituent Y, is significant enough to change the sign of ρ XY from negative with 2 to positive with 1, indicative of the change of mechanism from a rate-limiting bond formation to bond breaking.
Introduction
The kinetic studies on the reactions of Y-aryl phenyl chlorothiophosphates [2; (YC 6 H 4 O)(C 6 H 5 O)P(=S)Cl] with X-pyridines in acetonitrile (MeCN) were reported earlier by this lab. 1 Herein, (i) the free energy relationships with X were biphasic concave upwards while those with Y were biphasic concave downwards; (ii) proposed mechanism was a stepwise process with a rate-limiting step change from bond breaking with the weaker electrophiles to bond formation with the stronger eletrophiles based on the sign of cross-interaction constants (CICs; ρ XY ); 2 and (iii) nonlinear free energy correlations of biphasic concave upward plots with X were rationalized by a change in the attacking direction of the nucleophile from a backside with the weakly basic pyridines to a frontside attack with the strongly basic pyridines. In the present work, the nucleophilic substitution reactions of bis(Y-aryl) chlorothiophosphates [1; (YC 6 H 4 O) 2 -P(=S)Cl] with substituted pyridines are investigated kinetically in MeCN at 35.0 ± 0.1 o C (Scheme 1). The purpose of this work is to study the dual substituent effects on the reactivity and mechanism by adding the very same substituent Y in the other phenyl ring based on the selectivity parameters and CICs. The difference between 1 and 2 is nothing but one substituent Y in the other phenyl ring, i.e., substrate 1 has one more same substituent Y compared to substrate 2. Tables 1-3 list the second-order rate 
Results and Discussion
), Hammett (ρ X ) and Brönsted (β X ) coefficients with X, and Hammett coefficients (ρ Y ) with Y, respectively. The ρ Y values are calculated from the plots of log k 2 against σ Y although all the studied substrates contain two Y-substituted phenyl rings with same substituent Y. Figures 1 and 2 show the Hammett and Brönsted plots with X, respectively, and Figure 3 shows the Hammett plots with Y. The substituent effects on the reaction rates with X and Y are compatible with a typical nucleophilic substitution reaction. The stronger nucleophile leads to the faster rate and a more electronwithdrawing substituent Y in the substrate leads to the faster rate. However, all the free energy relationships with X and Y are biphasic concave upwards with a break point at X = 3-Ph and Y = H, respectively. In the case of 2, the free energy relationships with X are the same as in 1, but those with Y are biphasic concave downwards with a break point at Y = H. (ii) while those with 1 are much larger than those with 2 for u,r-and d,r-block; and (iii) even more, those with 1 are 7-8 times larger than those with 2 for d,r-block. These indicate that the substituent effects of Y on the rates sometimes play positive and/or negative role in the rate depending upon the nature of X and/or Y. Figure 4 shows four ρ XY values with four blocks, according to the definition of CIC, Eqs. (1) and (2), 2 because both the Hammett plots for substituent X and Y variations are biphasic with a break point, and multiple regressions result in: (i) ρ XY = 0.88 with u,l-block; (ii) 1.18 with d,l-block; (iii) 0.99 with u,r-block; and (iv) 0.09 with d,r-block. 4 The signs of ρ XY of 1 are all positive with four blocks. In contrast to 1, the signs of ρ XY of 2 are: (i) positive with u,l-and d,l-block; and (ii) negative with u,r-and d,r-block.
Regarding the sign of ρ XY , both 1 and 2 show positive with u,l-and d,l-block, however, 1 shows positive and 2 shows negative with u,r-and d,r-block. This suggests that the pyridinolysis mechanism is the same for both u,l-and d,l-block, and those with 1 and 2 would be similar for u,r-and d,r-block, because the magnitude of the CIC is inversely proportional to the distance between X and Y through the reaction center in the TS (vide infra).
2
In the case of the anilinolysis, substrate 2 exhibited linear free energy correlations with both X and Y, 5 while substrate 1 exhibited linear with X and biphasic concave upward free energy relationships with Y. 6 The sign of ρ XY was negative with 2, while the sign of ρ XY was positive for both electrondonating and -withdrawing Y substituents despite biphasic concave upward free energy relationships. This indicated that the reaction mechanism was changed from a concerted (or a stepwise with a rate-limiting bond formation) with 2 to a stepwise with a rate-limiting bond cleavage with 1 due to additional substituent Y. The cross-interaction between Y and Y was so significant that the change of the sign of ρ XY from negative with 2 to positive with 1 occured.
6
When both the nucleophile and substrate have only one substituent X and Y, respectively, a Taylor series expansion of log k XY around σ X = σ Y = 0 leads to Eq. (1).
2 Herein, pure second-(e.g.,
), and higher-derivative terms (e.g.,
, etc) are neglected because they are normally too small to be taken into account. In the present work, the modified Eq. (3) (4)- (7), respectively.
log (kXY/kHH) = -6.60σX + 0.14σY + 0.99σXσY + 8.32σY
(r = 0.987; d,r-block)
As a matter of course, the ρ XY values calculated from Eq. (3) are the same as those from Eq. (2) because ρ XY is defined as ∂ρ X /∂σ Y = ∂ρ Y /∂σ X . The signs and magnitudes of the ρ YY values are as follows: (i) ρ YY = -1.42 (negative) and 1.6 times greater than ρ XY with u,l-block; (ii) -0.06 (negative) and 20 times smaller (nearly zero) 7 than ρ XY with d,l-block; (iii) +8.32 (positive) and 8.4 times greater than ρ XY with u,rblock; and (iv) +8.83 (positive) and 98 times greater than ρ XY with d,r-block. Negative ρ YY values with u,l-and d,lblock (Y = electron-donating groups) imply the negative role on the rate. The rate becomes slower due to the crossinteraction between Y and Y in the TS, however, the degree of rate retardation is not extensive. On the other hand, positive ρ YY values with u,r-and d,r-block (Y = electronwithdrawing groups) imply positive role on the rate. The rate becomes faster due to the cross-interaction between Y and Y in the TS, and the degree of rate enhancement is really great. In other words, negative role on the rate is not significant and positive role on the rate is important. As a result, the effect of the cross-interaction between Y and Y with u,r-and d,r-block is significant enough to change the mechanism from a rate-limiting bond formation with 2 to a rate-limiting bond cleavage with 1, while the mechanism with u,l-and d,lblock is the same, a rate-limiting leaving group departure from the intermediate, with both 1 and 2.
The nucleophilic attacking direction towards the leaving group chloride is dependent upon the nature of X. As mentioned earlier, the magnitudes of the ρ X and β X values with u-block are 4-6 times greater than those with d-block, indicative of larger degree of bond formation with u-block than with d-block in the TS. It is well known that a weakly basic group has a greater apicophilicity so that apical approach is favored for such nucleophiles, and the apical bonds are longer than the equatorial bonds.
8 Thus, proposed TS structures are backside apical attack TSb with d,l-and d,rblock while frontside equatorial attack TSf with u,l-block and u,r-block (Scheme 2). As a result, the degree of bond formation with u,l-block and u,r-block is somewhat larger than that with d,l-and d,r-block. In general, the nonlinear free energy correlation of a concave upward plot is diagnostic of a change in the reaction mechanism where the reaction path is changed depending on the substituents.
9 The biphasic concave upward free energy correlation is also diagnostic of a change in the nucleophilic attacking direction towards the leaving group from frontside with the strongly basic nucleophiles to backside with the weakly basic nucleophiles. Taking into account the ρ XY value in each block, it may be possible to estimate the relative degree of bond breaking in the TS (vide supra): (i) u,l-block, the degree of bond breaking is extensive based on ρ XY = 0.88; (ii) d,lblock, the degree of bond breaking is extensive based on ρ XY = 1.18; (iii) u,r-block, the degree of bond breaking is not extensive based on ρ XY = 0.99; and (iv) d,r-block, the degree of bond breaking is considerably extensive based on ρ XY = 0.09.
10 Table 4 summarizes the nucleophilic attacking direction and degree of bond formation and breaking in each block in the TS.
Experimental Section
Materials. The substrates were prepared as reported earlier.
6
Kinetic Measurements. The second-order rate constants and selectivity parameters were obtained as reported earlier. 
